This study assessed the responses of four local Spanish cultivars of Phaseolus lunatus (lima bean) to moderate salinity. For three weeks, plants were exposed to increasing salinity (50-150 mM NaCl) under greenhouse conditions. At the end of the experiment, several growth and biochemical parameters were determined. Salt stress reduced the fresh weight of aerial organs, allowing us to rank the four genotypes according to their tolerance to salinity. The concentration of most photosynthetic pigments remained unaltered, except carotenoids that were reduced in the least salt-tolerant cv. (cultivar) VPH-79. Leaf Na + and Cl − concentrations increased with increased salt concentration of irrigation water, but K + either remained constant, as in the most tolerant 'BGV-15410', or increased in the other cultivars, resulting in an unchanged K + /Na + ratio under stress in two of the selected cultivars. Moreover, proline increased in all cultivars, most notably in cv. VPH-79, with the highest absolute concentrations registered in the more salt tolerant cultivars. Interestingly, these cultivars already had a relatively higher proline concentration in non-stressed plants. These findings indicate that P. lunatus is moderately salt tolerant and that its main mechanisms to adjust to salinity stress are the maintenance of high concentrations of K + and proline accumulation in leaves.
Introduction
Lima bean, Phaseolus lunatus L., is an important crop, which ranks second among beans-only superseded by common beans, Phaseolus vulgaris-regarding consumption and cultivated land [1] . Though originating from Mesoamerica and the Andes [2] , its area of cultivation has spread over time, covering many tropical and subtropical areas around the world, notably in Africa and North America, with the United States now the leading producer of P. lunatus [3] . In Europe, it is cultivated at a small scale in the Mediterranean countries, mostly in Spain, where it is an ingredient of the traditional rice dish "paella".
Following its spread from its original distribution area, the species, as many others crops with American origin, diversified through adaptation and hybridisation into many local genotypes, due to
Plant Growth and Stress Treatments
Seeds were individually germinated in 1 L pots (11 cm in diameter) with a standard substrate (peat and vermiculite, 1:1) moistened with half-strength Hoagland nutrient solution prepared with deionised water and with an electrical conductivity (EC) of~0.8 dS m −1 [19] . When plants acquired one to three pairs of trifoliate leaves and reached a height of about 25 cm, the pots were placed in 55 × 40 cm plastic trays (10 pots per tray) and salt treatments (50, 100, and 150 mM NaCl) were started. Control plants were watered twice a week by adding 1.5 L half-strength Hoagland nutrient solution to each tray, whereas those under salt treatments were watered by adding to the trays the same volume of nutrient solution supplemented with NaCl at the final concentrations indicated above; trays were thoroughly washed with tap water and then rinsed with deionised water before each new addition of saline solutions. The treatments were applied during three weeks in a growth chamber under the following controlled conditions: long day photoperiod (16 h of light and 8 h of darkness), temperature of 23 • C during the day and 17 • C at night, and relative humidity ranging between 50% and 80%. Five plants (biological replicas) were used per cultivar and per treatment.
Soil Analysis
The electrical conductivity (EC 1:5 ) of the substrate was checked at the end of the treatments. Soil samples were taken from five individual pots per treatment, air-dried, and then passed through a 2-mm sieve. A soil:water (1:5) suspension was prepared with distilled water and stirred for one hour at 600 rpm at room temperature. EC was measured with a Crison Conductivity meter 522 (Crison Instruments SA, Barcelona, Spain) and expressed in dS m −1 .
Plant Growth Parameters
At the conclusion of the experiment, plant materials (roots, stems, and leaves) were sampled separately. The following growth parameters were analysed: root and stem length, basal stem diameter, number of leaves, and fresh weight of roots, stems, and leaves. Part of the harvested leaf material from each sample was weighed (FW), dried in an oven at 65 • C for 48 to 72 h until constant weight, and then reweighed (DW) to calculate the water content, in percentage, of each sample, with the following formula: WC = [(FW − DW)/FW] × 100 [20] . Fresh material was stored at −20 • C for further analyses.
Photosynthetic Pigments
Photosynthetic pigments, including chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoids (Caro), were quantified using 100 mg of fresh leaf material ground in 30 mL ice-cold 80% aqueous acetone. The sample was centrifuged 10 min at 12,000 rpm, the absorbance of the supernatant was measured at 663, 646, and 470 nm, and pigment concentrations were calculated according to validated formulas [21] : 
Ion Concentration Measurements
Samples were extracted by incubating 0.15 g of ground dry leaf material in 25 mL of water for one hour at 95 • C in a water bath, followed by filtration [22] . Sodium and potassium were measured in a PFP7 flame photometer (Jenway Inc., Burlington, VT, USA), and chloride was measured using a chloride analyser.
Osmolyte Quantification
Proline (Pro) determination was performed following the classical method described by Bates et al. [23] , with small laboratory modifications, as previously described [20] . Fresh leaf material was extracted in a 3% (w/v) sulfosalicylic acid solution, then mixed with acid ninhydrin, incubated for one hour at 95 • C, cooled on ice, and extracted with two volumes of toluene. After collecting the upper organic phase, its absorbance was read at 520 nm, with toluene used as a blank. Total soluble sugars (TSS) were extracted from dry leaf material with 80% (v/v) methanol, mixed on a rocker shaker for 24 h and then quantified spectrophotometrically at 490 nm, following the phenol/sulphuric acid method [24] . The concentrations of TSS were expressed as "mg equivalent of glucose" per g DW.
Statistical Analysis
The program Statgraphics Centurion XVI (Statpoint Technologies, Warrenton, VA, USA) was used for the statistical analysis of the generated data. Before variance analysis, the validity of the normality assumption was checked by the Shapiro-Wilk test and the homogeneity of variance using the Levene test. Once it was established that ANOVA (Analysis of Variance) requirements were fulfilled, one-way ANOVA, followed by post-hoc Tukey HSD (honestly significant difference) test, was applied to analyse the effect of salinity within each variety; two-way ANOVAs were used to check the effect of both treatment and variety, and their interactions. All results were expressed as means (n = 5) followed by standard errors (SEs), and ANOVA was performed at the 95% confidence level. A principal component analysis (PCA) was performed to analyse the effect of salinity, indicated by the substrates EC, on the four cultivars.
Results

Substrate and Plant Growth Analyses
After three weeks of salt treatments, the electric conductivity of the substrates showed a significant increment in all four studied cultivars and all saline treatments ( Table 1) . As expected, the highest EC was registered in the pots watered with 150 mM NaCl, recording about a four-fold increase in comparison with EC measured in the respective controls. On the other hand, no significant inter-cultivar differences were detected, as shown in Table 2 .
The morphological parameters analysed in roots (Table 1 ) indicated a high variability between the cultivars (Table 2 ). We could not detect any clear trend for changes in the root length in relation to the applied treatments, as the measurements showed fluctuations with increasing amounts of added salt. Root fresh weight (Root FW) did not vary significantly in the cultivars VPH-70 and BGV-12848, whereas in the remaining two (BGV-1541 and BGV-1588) it increased in the presence of 100 or 150 mM NaCl. On the other hand, root water content (Root WC) was similar among cultivars and did not change significantly in the different treatments. Stem length and stem diameter had significant changes under salt stress only for the cultivar BGV-1588, though a strict concentration-dependence with increasing external NaCl was not observed. Stem fresh weight largely varied, not only between genotypes but also between samples, whereas stem water content differed significantly between genotypes-especially in control plants-but not when comparing salt-stressed and non-stressed plants. Therefore, considering changes in root and stem parameters, a tendency of growth reduction with increasing salinity was noticed in the four cultivars, but no clear patterns of variation were observed ( Table 1) .
The number of leaves diminished significantly in all four cultivars under salinity, and this reduction was most profound in the leafier cultivar VPH-79, which in the control had an average of 44 leaves per plant. Leaf FW weight also decreased in all cultivars. Leaf water content did not vary as a consequence of the salt treatment, except for the slight (about 8%) but significant decrease observed in the cultivar BGV-12848, indicating that P. lunatus is quite resistant to salt-induced leaf dehydration (Table 1) . To gain a better understanding of the effects of salinity on plant growth, the fresh weights of roots, stems, and leaves of each plant were summed and the obtained values were expressed as the percentages of FW reduction with respect to their respective controls (last rows in Table 1 ). In this way, salt-induced growth inhibition for each cultivar and their relative degree of salt tolerance were established. Cultivar VPH-79, with a FW reduction of almost 74%, appeared to be the most sensitive to salinity, followed by BGV-12848, whereas BGV-15410-which lost only~37% of the control FW in the presence of the highest NaCl concentration tested (150 mM)-would be the most tolerant according to this criterion. 
Photosynthetic Pigments
A common effect of salt stress is the degradation of photosynthetic pigments (chlorophyll a and b, and carotenoids). In the lima bean cultivars analysed here, there were only small, non-significant variations of chlorophylls concentrations. Total carotenoids concentration was significantly reduced only in cultivar VPH-79 or increased in BGV 15888 (Table 3) . Differences between cultivars were significant for chlorophyll a and carotenoids (Table 2) . 
Ions Accumulation
Leaf concentrations of sodium (Na + ) and chloride (Cl − ) increased in the four cultivars in parallel with increasing salinity ( Figure 1A) . Maximum absolute concentrations of both ions were therefore registered in the presence of 150 mM NaCl. The relative increases with respect to the corresponding controls, grown in the absence of salt, varied between 3-and 5-fold for Na + and between 5-and 7-fold for Cl − , approximately. Interestingly, K + concentrations did not vary significantly in the most salt-tolerant cultivar, BGV-15410, whereas K + increased in the leaves of salt-treated plants of the remaining cultivars; it should be mentioned that, in the absence of external NaCl, K + concentration was higher in BGV-15410 and BGV-1588, the most tolerant cultivars, than in the most salt-sensitive, VPH-79 and BGV-12848 ( Figure 1C ). The combined variation in Na + and K + concentrations resulted in a reduction in K + /Na + ratios in two cultivars (BGV-12848 and BGV-1588), but no changes in the remaining two cultivars ( Figure 1D ). 
Osmolytes Accumulation
Cellular osmotic adjustment requires the synthesis and accumulation of compatible solutes or osmolytes under conditions that generate osmotic stress, as generated by the salt treatments used in this work. Leaf proline (Pro) concentrations increased in response to increasing external NaCl in a concentration-dependent manner (Figure 2A ). Pro concentrations were the highest in leaves of the two most salt-tolerant cultivars (BGV-1540 and BGV-1588), both in control and in stressed plants (Figure 2A ). The concentrations of total soluble sugars (TSS) differed in the selected P. lunatus cultivars, but did not vary significantly in any of them in response to the stress treatment ( Figure 2B and Table 2 ).
Principal Component Analysis (PCA)
A PCA was performed including all measured parameters in the four analysed L. lunatus cultivars. The biplot of the two main components, which together explain 60% of the total variability, is shown in Figure 3 . The electric conductivity of the substrate (i.e., salinity) is positively and strongly correlated with the concentrations of monovalent ions and proline, and negatively correlated with growth parameters, especially with leaf fresh weight, leaf water content or number of leaves, as well as with total fresh weight. Only in the absence of stress, and not for the salt treatments, a clear separation of the four cultivars can be observed in Figure 3 , where symbols corresponding to nonstressed controls are framed. Cultivars BGV-15410 and BGV-1588 appear very close to each other, whereas VPH-79 is very distant from the other three due to its particular morphological features, as this cultivar has a considerably higher number of leaves, the longest stem, and the highest fresh weight. 
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Discussion
The work presented here represents, to our knowledge, the first report on the effects of, and the responses to, salt stress in Phaseolus lunatus. The information gained from these experiments performed on four local Spanish lima bean cultivars may contribute to the development of efficient screening methods to select Phaseolus genotypes relatively tolerant to salinity for the benefit of breeders and farmers, and to help conserve genetic diversity in this crop.
Growth reduction is a general response in all glycophytes facing salt stress. Even among halophytes ('salt-loving' plants), only some extremely tolerant dicotyledonous succulent taxa have been reported to improve growth in the presence of low or moderate salt concentrations [25] . A reduced growth rate allows the redirection of plant resources towards the defence against stress factors [26] . Quantitative assessment of growth inhibition under saline conditions is extremely reliable when ranking genotypes according to their relative degree of tolerance [27] . Of the four lima bean genotypes analysed in this study, cultivar BGV-15410 proved to be the most salt tolerant, whereas VPH-79 was the most sensitive to salt stress. The effects of salt stress were more clearly observed in the leaves of the plants, which showed significant reductions in their number and fresh weight. However, aside from BGV-12848, water content percentages in the tested plants did not decrease, indicating the presence of efficient mechanisms to avoid salt-induced dehydration, counteracting the osmotic stress generated by salinity; therefore, growth impairment probably resulted from the 'ion toxicity' component of salt stress.
In an attempt to pinpoint the mechanisms likely to be responsible for salt tolerance in this species, the concentrations of several biochemical markers associated with specific response pathways were determined in control and salt-stressed plants. A decrease in chlorophyll concentration has been observed in many legume species under high salinity conditions [28, 29] ; this is due to both the inhibition of enzymes associated with chlorophyll synthesis and the activation of the chlorophyllase responsible for its degradation [30, 31] . However, no significant changes in chlorophylls concentrations were detected in any of the four P. lunatus cultivars. On the other hand, carotenoids had a significant reduction in the most salt-sensitive cv. VPH-79, but did not vary in BGV-12848 and BGV-15410, and increased in BGV-1588. The absence of variation in the chlorophyll content does not implicitly mean salt tolerance, as other factors (not considered here) may result in the significant drop of leaf number and biomass observed in the most sensitive cultivars. Nevertheless, the lack of salt-induced chlorophyll degradation observed in our experiments probably contributes to a higher resistance to salinity of P. lunatus in comparison to other legume species. Salt resistance in several Phaseolus species, and also in different P. vulgaris cultivars, has been associated with Na + exclusion from the aerial part of the plants, as well as with the maintenance of steady K + concentrations in the leaves [20, [32] [33] [34] [35] [36] [37] . Potassium is considered to be one of the 'physiological' cations essential for plant metabolism, growth, and development [38] , whereas high Na + concentrations have harmful effects on non-halophytic plants, inhibiting many enzymatic activities and cellular processes [39, 40] . Moreover, increased concentrations of Na + are generally associated with a reduction of K + , as both cations compete for the same binding sites, and Na + reduces K + uptake into the cell by using its membrane transport proteins. Many salt-tolerant plants can maintain high concentrations of K + when exposed to salinity, as has been described, for example, in Thellungiella halophila, a salt-tolerant relative of the glycophyte Arabidopsis thaliana [41] . Leaf K + concentrations were maintained or increased-especially at high external NaCl concentrations-in response to the salt treatments in the lima bean cultivars analysed here. Interestingly, K + concentrations in non-stressed plants were higher in BGV-15410 and BGV-1588, the two most salt tolerant cultivars. Higher K + contents in the absence of salt may represent an innate defence mechanism, which could enable these two cultivars to better adjust to saline conditions. Ensuring high concentrations of K + in leaves of salt-stressed plants can be considered as a basic, general mechanism of tolerance in lima beans. These data are in agreement with the essential role of K + in the responses of plants to salinity (and to other biotic and abiotic stresses), reiterating the necessity to optimise K + fertilisation to avoid its deficiency in the soil [42] when cultivating lima beans, as for many other crops.
The biochemical parameter that clearly separated the four studied cultivars was the concentration of proline measured in leaves at the end of the salt treatments. Proline is a common osmolyte in plants, which accumulates not only under conditions of salt stress, but also in response to other abiotic stresses such as drought, extreme temperatures, nutritional deficiencies, presence of heavy metals, air pollution, or high UV radiation and, in some cases, to pathogen infection in plants [43] [44] [45] . Besides its key role in cellular osmotic adjustment under stress, it is also involved in the stabilisation of macromolecular structures, such as membranes and proteins [45] , and in free radical scavenging [46, 47] . In our study, BGV-1540 and BGV-1588, the two cultivars that showed the highest salt tolerance (considering the relative degree of growth inhibition), recorded significantly higher leaf concentrations of Pro in comparison to the other two cultivars, both under salt stress and in control conditions. There is no clear correlation between Pro concentrations and stress tolerance in species of the genus Phaseolus. In common beans, some reports detected higher Pro concentrations in the most tolerant cultivars [48] , whereas in others the highest levels were found in the most sensitive cultivars [49] . Al Hassan et al. [37] measured lower Pro concentrations in the most tolerant P. vulgaris cultivars analysed, but total Pro concentrations were well below those determined in P. lunatus in the present work. Proline appears to play an important role in osmotic adjustment in lima beans, and the higher Pro concentrations present in the two most salt-tolerant cultivars most likely are responsible, at least partially, for this tolerance.
Conclusion
In conclusion, the data presented here showed that, during vegetative growth, some cultivars of P. lunatus could tolerate three weeks of exposure to salinities as high as 150 mM NaCl, in agreement with previous reports indicating that this crop could be moderately salt-tolerant. However, these studies must be extended to longer saline treatments during a complete life cycle, including the assessment of the effects of salinity on agronomic traits, such as crop yield and quality, before concluding on the salt tolerance of lima bean cultivars. In any case, our results provide information on the basic mechanisms contributing significantly to salinity tolerance in this species, which include the maintenance, or increase, of K + concentrations and the accumulation of Pro in leaves, in response to the salt stress treatment. These mechanisms appear to be, in part, innate, as relatively higher K + and Pro levels have been measured in the most tolerant cultivars also in the absence of stress. Therefore, determination of leaf concentrations of Pro and K + may represent a rapid and simple strategy to screen large numbers of lima bean cultivars in order to pre-select those genotypes with a higher probability to be more salt tolerant. 
